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APPARATUS. AND. METHOD.i FOR. MAKING concero is ibe wide distributioo of ibc panicle size of ihe 

UNIFORMLY SIZED AND SHAPED SPHERES ^ropkts. loconsislem sizes in the diopkis niakes Ibc use of 

ibe droplets more difibcull in soldenng appbcatioos. Aooiher 

This is a coniinuatioo-iD-part of U.S. palco! application probkro is that after ibc formaiioa of the droplets^ tbc 
Ser. No. OS/892,145 filed JuK 14. 1997, now abandooed. 5 droplets have lo be cleaned to renjove conianoinanis or 

oxides OD the surface or to remove oDs aod solutions through 

FIELD OF l^fVE^mON which tbc droplets have been passed. The cleaoiDg of ibc 

Tbc present inx-ention is concerned with producing evenly <^^^P^^*^ »° manufacfuring time and costs. 

sized and evenly shaped spheres or balk. In one aspect, ibc Another major concern is thai ibe droplets have inegular 

invention relates lo making uniformly sized metallic spheres shapes andA>r bumpy or rough surfaces. This lack of sphc- 

f or use in solder coropositioos. nci<y makes handling and use of the individual dr<^leis 

more difbcult. 

BACKGROUND OF THE INVENTION Therefore, it is an object of tbc present invention to 

Various methods have been proposed to form droplets of dcvek)p an apparams and method for manufacturing high 

material having a known size. Tbc present iuveniion is ao quality uniformly sized and shaped droplets. The present 

improvement over Ibe iDclbod described in Ibc Chun ct al. invention further provides a process which does not involve 

U.S. Pal. No. 5,266,098 which is expressly iocorporalcd »bc use of roullipk formalioD steps and/or cleaning steps, 
herein by reference. The Chun ct aL '098 describes placing 

, charge on a dropkt in an altcmpi to produce uniformly ^ ^^^^ DESCRIPTION OF TOE INVEhOlON 

sized dropkts. Tbc Chun el al: method produced a high jbc present invcnlion provides a highly accurate mcibod 

percent of unacceptabk and umis^Jc pieces or bils of apparatus for producing uniformly sized and shaped 

material having flal, oblong or irregular shapes. Tbc Chun el spheres of a desired material, or materials. The apparatus 

al. method is limited to producing irregularly shaped drop- comprises a sphere generation means and a contiolkd 

lets having undesirably rough and bumpy surfaces. temperature solidifjcalion cnvironmcni. In preferred 

Oibcr previously considered methods for forming drop- cmbodirrKnis, tbc spheres are formed using a uniform 

lets by imparting a charge on the dropkts include: Smith sphere ger>cration means where a low viscosity liquid maie- 

U.S. Pat. No. 5^60,543 describes a method for forming rial is supplied into a crucible or feed system. The crucible 

droplets and p.issing dropkts through charged and grounded has a means for beating aixl mcMing ihc maicrial. The low 

plates lo sekciivcly tkflecl ihopkls. Soviet Patent No. 3^ viscosity liquid material in tbc crudbk is subjected lo a 

541682039-Al describes forming dropkts which acquire a certain periodic disturbance by a stimulation actuator means, 

charge by passing through an ekctric field. Orroe el al. U.S. The crucible has at ka.M orK orifice which permits passage 

Pat. Nos. 5.17136a, 5^6^48; 5^9^93 and 5^40,090 of the material ihcrcihrough. The material is subjected to a 

describe methods and apparatuses for forming a net product pressure differential (preferably about 4-50 psi) which 

by directing a stream of uniformly sized dropkts onto a 3^ forces the material through the orifice as a stream. The 

colkctor of the shape of the desired product. C. H. Passow periodic disturbance appbed to the material causes a con- 

thesis. The Massachusetts Institute of Technology (MIT) trolled breakup of the stream of material into uniformly 

May 1992, describes forming uniform dropkts by using sized spheres. As tbe spheres are formed, the spheres are 

parallel plates positioned below a charging plate to sclcc- subjected to a positive or negative charge by a cbargjrtg 

tiveiy deflect some dropkts off lo one side where they are ^ means. When tbe charging means is held at a predetermined 

colkcicd. voltage with respect to ihe stream, the combination of tbe 

Various other methods proposed lo form droplets include: voltage and the capacitance between the charging means arxJ 

Hayes U.S. Pat. No. 5,411,602 describes ejecting solder the stream brings a charge to tbe leading point of the sucam. 

drops from an ejection device into a flow of inert gas and Each sphere retains a charge that Ihc sphere held before il 

catching the solidified solder balk; Hommcl et al. U.S. Pal. 45 broke free from Ihc stream. The charge on the sphere causes 

No. 4,956,128 de.^ri'bes ao aqueous calcium chloride hard- each sphere lo repel from adjacent .spheres. The like charge 

ening solution through which dropkts arc passed; Yabuki el on the individual spheres prevents tbe spheres from merging 

al. U.S. Pal- No. 4,744,821 describes forming drops and together io flight with neighboring or adjacent spheres, 

passing the drops through layers of oil and water; Fuhvyler |d an cspcdally prefcned embodiment, the sUcam is 

el al. U.S. Pat. No. 4,302»166 describes a dropkt forming 50 broken by introducing minute periodic disturbances 

apparatus where the dropkts fall into an aqueous solution of (preferably from about 1 to 30 kHz) by the stimulation 

a nonionic surfactant; Green el al. U.S. Pal. No. 4,628,040 actuator means. In certain embodiments the stimulation 

describes forming droplets using a venturi process where the actuator means comprises cither an ekctromccbamcal or 

dropkts pass through an oil to harden tbc dropkts; Eylon CI piezockcirical transducer. In one especially preferred 

al. U.S. Pal. No. 4,787,935 describes a method for making 55 embodiment, ibe transducer comprises a slack of live piczo- 

powdcrs using swirling, cooling fluids to harden tbc drop- ekctric crystals mounted on a lop portion of the crucibk. 

lets; Anderson U.S. Pat. Nos. 4,216,718 and 4,419,303 The boilom four oyslals are mechanically oooncclcd in 

describe forming sodium amalgam particles for high pres- serial and are electrically connected io paralkl to a high 

sure discharge lamps where a vibrating discharge nozzle sinusoidal voltage source. Tbc top piezoelectric crystal 

for ras droplets which fall into a fluid; Rhim et al. U.S. P.it- 60 serves as j roolion sensor. The output voltage is in indication 

No. 4, 98 1,625 describes forming polymeric microspheres by of ihc amplitude of the stimulation actuator means. In an 

ejecting diopkis of monomers, charging tbe droplets, freez- alter native cmlxxiimenl, Ihe periodic di.siurbancc or slimu- 

ing the dropkts in a cryogenic liquid, and thawing the biion of ihe material can be obtained from a monolithic 

diopkis by iiradiation lo aclivalc free radicals which poly- muliibyci pic7oclcciric .siimulalion aciuaioi. One preferred 

mcrizc ihe monomer. ivpr of multilayer actuator ha.s ihe following dimensions: 

The prior an diopkl formation methods have not been Icnsih 5 mm. height 5 mm and widih 5 mm. The muliilayer 

entirely s;»tisf3ctory for a number of reasons. A major actuaioi comains about 29 piezoelcciric ceramic layers 
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cofiitd loeelhcr. The nniltflayer actuator is capable of ovei cmbodimcDIs. is operatively connecled to the slimuIatioD 

3 micron cxpansioD. Id ctrtaiD ciubodimcnls. an exlcDder actualor means to increase or cfccrease Ibe periodic dislur- 

means sucb as a rod. is ailached to ibe bottom of ibe bance being supplied to the low viscosity liquid malcnal. 

siimublion actuator means and extends into the supply of visual observation systein h also operauvely attached to 

the material. Tbc stimulation actuator means Uarofeis the 5 'be deBectmn means which increases, maintains or 

minute periodic disturbances to the material through the rod. deceases the charge on the spheres in ^t^^ to the 

*^ iDfoimaDoo bcmg collected by ihc visual obscrvaiioo sys- 
In a diffcrcm cmbodirocni. the slimulation actuaior means 

can comprise a piczoeleciric ceramic material having a The present invcniioD is an improve rocnl over the Chun e I 
nozzle which is connected lo the witage source. The nozzle technology where the droplets arc not formed in a 
has a fixed aspect ratio dcfimng the onfice in the crucible, temperature controncd cnvironroent. According to another 
The sinusoidal voltage is duccily appbed on the nozzle aspect of Ibe present invention, the sphere generation means 
causing a minute periodic disturbance which radiates mto ^ operatively positioned in a controlled Icmperalure soUdi- 
Ihc sln:;im of material through the nozzle wall. It is con- j.^^^^-^ environment. The controlled temperature solidiBca- 
Icmplalcd ibal in certain very high teropcratmc apphcations ^.^^ environment allows the 25>hercs to be formed in a short 
(for example, where the temperature of the Jow viscosity ^^^^^ ^.^^ distance. Also, the controlled tempera- 
liquid material is over about 300" C), a lithium niobalc ^^^^ solidification environment provides less risk of 
(UN0O3) materia! can be used instead of a piezoclectnc contamination, such as oxidation, from occurring on the 
ceramic material. surface of the spheres. Tbt controlled temperature solidifi- 
At least one pressure regulator means supplies a constant ^ catioo cnviroDrocnl contains at Icasl one beat transfer 
hydrostatic pressure in the crucible. In a preferred medium, socb as a coM or liquified gas. The beat transfer 
embodiment, the pressure regulator means keeps the cm- rocdfiuro provides a solidification environment where the 
cible at a negative pressure before the operation of the spheres arc cooled and solidified in a controlled manner. In 
sphere generation means. The negative pressure prevents the certain embodimcnis the controlled tcmperanirc solidifica- 
maicrial from dripping out of the nozzle. In a preferred ^^^^ environment provides a thermal gradient which allows 
embodiment, the pressure regulator means keeps the cm- spheres to be quickly cooled in a conirollcd manner so 
cibk at a positive pressure during the operation of the sphcic ,|,a| (j^^ spheres being formed have a consistently round or 
generation means by maintaining the low viscosity liquid spherical shape in addition to a uniform size. Jn an embodi- 
malcrial at a desired level in the crucible. In a preferred tnenl where a tin- k ad alloy is being used to forno spheres for 
cmt>odimcnl, (be picssure regulator means suppbcs a dry ^ solder, the thermal gradient in the controlled icmpcralurc 
and inert gas, sucb as nitrogen, onto the low viscosity liquid solidification environment ranges from about room lempera- 
material in the cmdble. The positive pressure forces the about -90* C. (and in certain cmbodimeuts about 0** 
material out through the orifice in the cmciblc. The amount 3^ upper chamber adjacent ibe cmcible and ranges 
of pressure on the material controls the flow of the material j^^j^ about -])0* to about -170* C. in a lower chamber 
through Ibe orifice. During operation of the sphere genera- adjacent a bottom of the controlled Icmperanire solidifica- 
tion means, the applied constant positive pressure forces the t ion environment. In other erobodimeols where different low 
materia] out of the nozzJe and forms the jet or stream. The viscosity liquid materials are being formed in spheres, the 
sinusoidal frequency from the stimulation actuaior causes a icmpcratures in the solidification environment are regulated 
minute periodic distuibance lo the stream. Due to Ibe ,i,ai ihe spheres form both quickly and uniformly. The 
Raylcigh insiabiJiiy effect, the disturbance builds due lo ^ lemperalurcs in the controlled tempera nirc solidification 
energy of momentum in the stream, breaking the stream into environment are affccied by the type of heat transfer medium 
uniform sized and uniform ^aced spheres. The space \)c\xig used. It is 10 be understood that various heal transfer 
between two neighboring spheres a. is a function of the jet media, including liquified gases, halo-carbon fluids, 
speed v^ and Ibe stimulation frequency, X^vyf. ammonia, water and steam are within tbc contemplated 
In ccitain embodiments, the present invention provides a scope of the present invention and that the icmpeiatures of 
deflection means which is in a spaced apart relationship to tbc beat transfer media can range from about room tempera- 
the charging means. The deflection means comprises al least lure lo about -200" C, depending upon ibc lypc of tow 
one set of deflection surfaces which are spaiiaUy separated viscosiiy liquid material being used to form the spheres, 
from each other. A high voltage is applied aaoss the set of Jn embodiments where the low viscosiiy liquid material 
deflection surfaces 10 generate an electric field between the comprises a material which solidifies by radiating beat, for 
surfaces. The deflection means creates an electrical force example, metals such as copper and steel, different types of 
field through which the spheres pass. Since the spheres arc heat transfer media may be used and the heat uansfer media 
charged, the electric field deflects on the spheres, depending may be supplied at different temperatures. For example, in 
upon Iheir polarity- The deflection means spatially separates embodiments where titanium spheres are being formed the 
the sphc/cs in ibc plane perpendicular to a center or vertical heat transfer medium can comprise a heated gas or vapor, 
axis, hiither preventing the spheres from merging, thus In certain embodiments, it has been found that ibc coniaci 
fuiibci maintaining size consistency. of it)c spheres by rapidly moving or flowing heat transfer 
The deflection disisnce of the spheres is a function of the medium lends to cause the spheres to have uneven shapcs. 
size .ind speed of ibe spheics, the charge of ibe spheres and Therefore, in certain preferred embodiments, it is desired 
ihc foicc of ihe deflection field. The bigger spheres remain ^ ibal there be as little movement or flow of the heat uansfer 
close 10 ihc center axis ibiough the deflection means while medium. The heat transfer medium present in the controlled 
the smallei .■spheres arc deflected further away from the temperature solidification environment is substantially at 
cenicr a^is rest or still such that there are generally no currents or flows 
A visual o^7se^^•aIio^ sysiem is posiiioned in a .spaced of medium to contact or misshape the spheres being formed, 
apnn iebiion.shlp to the 01 ifice in the crucible 10 monitor the 6S In certain embodimenls, the controlled temperature .v>lidi- 
foiniaiion of ibc spheres and to measure the size of the fication environment comprises a first or gaseous cnvuon- 
.■vphcie^ The visual observation sysiem, in preferred menl containing a first hrai uansfer medium and a second or 
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liquid cDviroDiDcni coDtainiDg a second bcal iransfcT being generated Tbt size of ibc sphere is roeasoied by ibc 

medium. In other embodiments ibc cootroHed lenrperaruie visual observation syslcro. The data acquisiiioa'conlrol sys- 

solidification environment comprises the 6rst or gaseous tem receives continuous and updated information on the 

errvirooroeni without the use of the second or liquid envi- crucible pressure aix) the frequency provided by the stimu- 

ronmeoi. However, the description herein will describe in 5 laiioo actuator means so that the sptere diameter is kept at 

detail the gascous/Kquid controlled leroperatuie solidifrca- 3 p,cdelcrmined size. It is to be understood tbal the actual 

tion environment in order to provide a fuD uoderslaoding of 5^ spheres being generated depends upon the end use 

all erobodimenis of ibc present invention. It should be requirements. 

further understocxl that all the embodiments arc within the * ^ . .u . • r 

, . , . . • .• -TT. Accordjne lo the present invention, ibc formation o! 

contemplated scope of the present mventjon. The use of Ibc ^ , . j _ , 

tuuiciijj«- ^^vy^ y 30 Spheres and the control over sphere shape and diameter is 

gaseous/liquid controfled ten^rature soMificaUon envi- 3^,, ^.^^^^in microns. TTic spheres have a diameter that 

ronment is c^aally useful m the forawtion of ^bercs from .^^^ ^^^^ ^^^^ ^ 

relalivelv soft or roaUeable materia b and in the formation of . .u- r-i .'1 'noo 

iciaii tijr ^1 V li K- u invention is a further jroprovement over Ibc Chun el al. 098 

spheres which have large diameters or have a high latent ^ , .. . u i i- „ .i- 

.I'" , ui u i , . , . -« .K. technology since Ibc spheres produced according lo the 

beat of fusion (..e Ac cpant.ly o beat evolved m Ac „ , haveVsubslaotiaDy spherical and smooth 

Uansrom,a1,OD of the roa.ena) &om .he hqt..d phase to the P^^^^^ ^ ^^^^^^ ^^^^^ .^^^^^.^^ ^^^^ 

solid phase). . . ^ . degree of sphericity where the diameleis ihroiigh any section 

As the spheres exit the deflection means the spheres beg>n . ^ ,^ ^^^^ j 

10 solidify by first forroiDg a sloD or shell on the outer surface ... , . 

ofS sphere. Before the%pberes«inbe gaseous environ- „ '"^Tl /''T.^'Z ZZ 

roentJne. the spheres have s«bst,Drially«,Bdified.i.e.. the fonBing uniformly /'«P«^*'*J^! 

heal of fusion bL been transferred from the spheres to the •J""*'"^ "»« ?"8«' f'T »«»°'. to about 000 

gaseous heat transfer medium, or has been radiated. He ^'crons. TT« present mvenhon .s P^r^^^l'^ -^fi"' Jo' 

spheres may still be a. a high temperature, rending ibe formmg large spheres h^^^ng a d.ame^r greater 'b^o 
spheres maLable. m spheres tbeTpass into the hqoid ^ 500 

^ , u- u r Ki ^ , irv>^ x^TT^r^t^xy^r^ TOicrons (0.030 inchesiO.0003). The enclosed controlled 

environment which preferably comprises a low temperature ^ . ' ,^^ 

»- J . -1 u ; r,»««K, r^f i;r«i;H «itrr.o*.n TK#- tcmpcraiuic solidification environmeni controls ibe rale o! 

men bquid material such as a supply ol liquid nitrogen. I lie >' u i . . . .k. .^km ^t*t* r^f iK*. 

^ . , . > u . .u uansiiion from ibc liquid stale lo ibc solid slate oi tne 

1 quid environment further cools ihe spheres to remove Ibc n<ii^iiviii , ^ , . .«k.,.c K^im, 

c u . I . K ^ iK. o«K,,«^ -n,^ i;r...;.t ..r.^^™ spheres. The volume and surface ratio of the spheres being 

specific heal and to harden Ibe spheres. The liquid envuon- / ^ s v f . L -tk* Um^^ 

^ , u- • „ A' 1 Ik. lormcd affecis ibc laic of cooling of the M)beres. The larger 

meni also acts as a cusbioiune medium to prevent Ibc ^ ^ « ^ . .u- Tu 

ijicjji u II I f « Kx, ^UwiiwTn x«;ih ...^h diameter spheres are sohdified at a controlled rate wiihin the 

spheres f rom mechanically deforming by colhdingwii beach / ^ ™„, .K,t ik*. 

c^^her or the walls and the bottom of the upper and lower controlled temperature sohdifica lion environmeni so that the 

; . spheres roaiolam a subslanlially round and smooth surface 

chambers. . . . 

. -J and bavc a uniioim shape. 

In one prefened embodiment a low temperature hquid . c 
material is dispensed both into a lop portion and into a 35 The opcra.iDgparamc.e.s^DcIudmgor.fice d.amcler fre- 

bottom portion of .he controlled temperature solidification <f^^ ^mfhraOc of .be pcnodK disturbances of .he 

environrenLTlKlowtemperamreliqniddi5pensedfrom.be ^Pb^'^S be vaned so that spheres havujg Alferent 

top portion is dispensed into the gaseous environment and a. a.ame.ers can be fon«d. It .s to be understood that be 

leas, partially valorizes .bus keeping .be gaseous environ- op.»mum diame.er of .he sphere depends, m pail, upon the 

ment a. a prefened low temperature. In certain embodiments ^ 'yi* of sphere bemg forraed. O.ber parameters, such as feed 

it is contemplated that the top dispensed liquid can contact of ^\ ".etal mto a.e crucftle, crucible pressure, tem- 

the descending sphe.es to quicken Ibei, cooling. P^"""' niatcnal be.ng fornied m.o spheres and .he 

In a prefened embodimen.. .he bottom portion of the 70un. of charge on 'be -P»*.« »ko 'h^f^'"^ 

,/ , . , *; * , r^^^^<^ of formaliOD of the uniformly sized and shaped spheres. 

controlled leroperatuie solidification environment composes • r i_ « 

a funnel which contains ihc second or hquid environment. 45 »^ ^ understood ibal ibe temperature of the low 

-nie liquid environment cushions the spheres prior to Ihe ^cosily liquid maiciial itself affects ibc thermal state of ihe 

spheres hilling Ihc bottom of the funnel. No further process- spb"cs. In certain erobodimenis, Ihc temperature of ihc 

ing steps need lo be carried out on the finished spheres once "^ax^^al can vary from just above ihe melling poml. and m 

Ibc spheres have passed with ibe liquid environment pool. oiher embodunenis can be, for e^iamplc, about ^0 C. above 

There is no need lo remove any oil or olher materials from 50 ^^c melling point of the matenal. This difference m the 

the surface of the spheres. temperature of the material affects the rale of sofid ^berc 

It is wiihin ihe contemplated scope of the present inven- formation- 
lion to monitor and respond to any changes in the operating In certain embodiments of the present invention, anolbcr 
parameters for fonning ihe uniformly sized spheres. A first pararocicr which can be vaned is the "stand-off^ distance 
thermocouple measures Ibe temperature at the lop portion of 55 between ibc sphere gericraiion means and the poml m lime 
the conlroUed temperature soUdificalion CDvironmcnl and a where ihc sphere solidifies. 

second ibermocouplc measures the lempcialuie ai ihc bol- Tbe present invention allows ihe spheres lo solidify more 

lom portion of tbe controlled temperaiure solidification quickly ihan in a conventional droplet formation apparatus. 

cnviroDmenl. A differential pressure sensor monitors ihc In pieferred embodiments, the spheres descend through ihe 

pressure of the crucible. A dala acquisition/control syslcm is 60 enclosed coniioUed temperaiure sofidificalion for aboul 0.5 

operalivcly connected lo Ihc pressure sensors, the lo aboul 1 .5 seconds prior to contacting Ihe bollom of the 

thermocouples, the .sphere generation means and Ihc visual enclosed environmeni. Tbe enclosed controlled Icmperatuie 

observation system. The data acquisilion'conlrol system solidification environment allows the spheres to be formed 

collects piessure and icmpcramfc measuicmcnl data and in a much shorter distance (aboul 1 to aboul 5 meters versus 

controls the ."Sphere generation means. The data acquisition/ 65 10 to 20 fncieis found in conventional .sphere forming 

control system and the visual observ ation system provide ibe apparatuses) and in a much sbortci time (aboul 0.5 to aboul 

feasibility of aclivcly conlroUing the size of the spheres 1.5, preferably about 0 8 seconds versus 7 to 10 seconds). 
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The form atioD of ibcspbc ICS in ibt com roDcd temperature range of about 12 to about 1000 microns. It is within ibc 

solidificatioD environment allows ibe spheres to be formed contemplated scope of the present irrvention that the nozzle 

substaotiaDy without any contamination or oxidation. 42 can have more than one orifice 44. For ease of ilhisiration 

In prcfencd embodiments, the spheres arc formed from a however, only one orifice will be discysscd in detail In a 
low viscosity fluid, including, for example, glasses, ceramics 5 preferred embodiment, a sapphire nozzle rs used whrcb can 

and metals. In certain embodiments, it is ^-itbin the con- ^ operativcly attached to ibe cod cap 40 using a high 

teroplaicd scope ofihe present invention that the spherescan temperature ceramic malenal In other embodiments, a 

be formed of a wide variety of metals iochiding lialead ceramic nozzle can be used. The nozzle 42 fits into a tapered 

solder alloys, gold, aluminum, steel or copper alloys. In fi"">R »»» ^'^P '° ' picfened 

addition, Ibe spheres can be pUied with precious melab such 3t> embodiment, the nozzle 42 is seemed lo the end cap 40 

as silver, gold or palladium or can be coated with organic »^ng, for example, a jam nul 46. 

coatings to prcvenl oxidation after their formation. The The stimulation actuator means 50 provides a periodic 
spheres are especially useful in such applications as solder disturbance to Ibe low viscosity liquid material 28. In the 
for inlcrconncciion of integrated circuits to printed circuit embodiment shown, the stimulation actuator means 50 corn- 
boards, especially ball grid an ays, chip scale packages and prises a stack 52 of piczoelecUic crystals 54 operativcly 
flip chip pads ages. connected to the top portion 22 of the crucible 20. In a 
Id certain embodiments, the H)bcrcs formed accordmg to P«fened embodimcnl, the pezoelcciric .stack 52 contains at 
the present invention arc especially useful in a solder least 5 piezoelectric a yslals 54 A, 54B, 5^^ 
composition and the spheres do no! need any additional fiux The bottom four crystals 54B 54C 540 and 54D are 
materials lo prcvenl oxide fonnaiion on the surface of ibt ^0 mcdiamcafly connected m scnal and eleclncally conducted 
spheres ^ parallel to a higji sinusoidal volUge source 56. The top 
, . . L u u piezoelectric crystal 54A serves as a moiion sensor. The 
While certain preferred embodiments nave been shown *^ * . „ cvia 
3 ' ' ' . J jL.u- output voltage of the motion sensor 54A provides an indi- 
and described herein, U ,s lo be understood that the invention ^J^^ ibe amplinide of the stimulation aciualor mc ans 50. 
is not hmited thereto, but may be embodied with ibc scope ^ ^^^^^^^ J'^^ ^ ^^^^^ ^ ^^^^^^^^ 
of Ibe following claims. ^^^^^ piczoslack 52. The slimulalion of ihc 
BRIEF DESCRIPTION OF THE DRAWINGS piezoslack 52 is iransfcned lo ihc roaierial 28 by ihc 

extender means 56. 

FIG. J is a schcmalic illusiralion of an apparatus for j, ^ within ibc contemplated scope of ihe present 

forming uniformly sized and shaped spheres in accordance 30 jjjycntion that the simulation acmaior means 50 can com- 

witb ibe invention. 3 njonolilhic mullilayercd piezoacruator (not shown) 

FIG. lA is an enlarged view of a portion of FIG. 1. containing, for example, 25 lo 30 and, in ccrioin prefcacd 

FIG- 2 is a greatly enlarged cross-sectional view of embodiments 29 layers, of piezoelcciric ceramic cofircd 

spheres as the spheres are being cooled. togclher having the dimensions of approximately 5 milli- 

"'^ meters by 5 millimelers by 5 millimeicrs and being capable 

DESCRIPTION OF THE PREFERRED of over 3 microns of cxpaosion. 

EMBODIMENT In ag alternative embodiment, the slimulation to the 

T> e ' . -1 ' material 28 can be provided by using a piczoclcciiic ceramic 

Rcfcrnoe now lo the drawings, an apparatus 30 for luoi^u*" ^ . , . - , , - , 

1 • J J L J „u V ti« roatcnal as a nozzle malenal. A smusoidal voltage IS directly 

forming uniformly sized and shaped spheres is generally 40 '""'V - uv^z.«. ^ , t ■ ,u 

-r. in - .i. ul applied on the nozzle causing a periodic disturbance m ihc 

shown. The apparanis 10 comprises al least one sphere ^yy*^ "^"^ & f 

generation means 12 and an enclosed controlled tcmpcratuie nozzle. 

solidification environment 14. The sphere generation means la certain embodiments the pressure regulator means 30 

12 gcneraUy comprises a cnicible 20 and a stimulation includes a vacuum pump 60 operaUveiycoDnecicd to Ihe top 

□ctuaior means 50. The crucible 20 has a lop portion 22 45 V^^^^^ 22 of the crucible 20 through an lolel 61. The 

which is in a spaced apart relalionship to a bottom portion vacuum pump 60 keeps the crucible 20 at a negative 

24. The crucible 20 defines an enclosed space 26 which prcssiire prior to Ibe formation of Ihc spheres. The negative 

contains a supply of a low viscosity liquid material 28. In pressure prevents the material 28 from escaping through the 

certain high temperaiure applications, the crucible 20 is noz^Jc 42 prior to operation of the sphere geneialion means 

made of a ceramic malenal. The temperamrc inside the 50 ^2. 

crucible 20 is monitored by a thermocouple probe 25 and a During operation of the sphere forming apparatus 10, an 

temperaiure controller 27 which arc operativcly connected appficd conslani pressure from the pressure regulator means 

lo a heating means 29. The healing means 29 maintains the 30 forces the material 28 out of the nozzle 42 and into the 

material 28 ai a icmpcraiure above its melting poinl. Tbe controlled temperature solidification environnieni 14. The 

crucible 20 is ope raiivcly conncaed lo a pressure regulator 55 material 28 forms a steady laminar jci or siicam 70 of 

means 30 by a supply means 32 at a supply inlet 34. The material. The srimulaiion from the stimulation actuator 

pressure in the crucible 20 is monitored by a pressure means 50 causes a periodic disiurbancc to ihe stream 70. 

transducer 36 located near Ibe inlet 34. Tbe pressure in the Due to the phenomena of the Rayleigh insiabiliiy eflcct, the 

crucible 20 is adjusted by the pressure regulator noeans 30. stream 70 breaks up into uniformly sized and uniformly 

It is wiihin the conteroplalcd scope of the present invention «) spaced spheres 72. 

thai the pressure regulator means 30 can supply a positive a charging system 80 is .Miacbcd to the crucible end cap 

pressure of an inert gas such as nitrogen lo the crucible 20. 40. The distance belwcen the charging .system 80 and ihe end 

The crucible 20 has an end cap 40 with a nozzle 42 cap 40 can be adjusted depending on the dcsiied npcraling 

dclachably connected 10 the bottom portion 24. Tbe nozzle parameters. In a picfciied embodiment the charging .system 

42 is attached at generally the center of Ibc end cap 40. The 65 80 can be an aluminum material. A high voit3ge is ;»pphcd 
nozzle 42 defines ai least one orifice 44. In a prefcned to the charging system SO from a voltage source 82. The 
embodiment, the orifice 44 has an inside diameter in the stream 70 breaks into diopleis 72 while passing through on 



5,891 ;212 

9 10 

opcDiDg 84 ID ibc charging sysicm 80- The charging syslcm spheres arc dcficcud away from the cenlcr axis of ihc 

80 imparts a charge oo the stream 70. As I be spheres 72 deficdion nscans 110. 

form, ihc spheres 72 retain Ibe charge. The charge in ibe The bottom portion 106 of ibc lower chamber 100 con- 

spbcrcs 72 exerts a force between adjacent spheres 72 and lains the liquid environment 122. In preferred embodiments 
prevents Ihc spheres 72 from merging. s the bottom portioD 106 inchides a funnel 124 made of a 

The charged spheres 72 pass through the enclosed con- stainless steel materia). A cryogenic valve 126 is located at 

trolled tempcratuic solidification environment 14 which, in a bottom portion 128 of the funnel 124. By opeoing the 

Ihc embodiment shown, comprises a first or gaseous envi- valve, the spheres 72 in the funnel 124 can be collected and 

ronrrKot 102 and a second or liquid environment 122. retrieved. 

In the embodiment shown, the enclosed controlled tem- jo lower chamber 100 inchides a first or upper beat 

peraiure .-solidification environment 14 includes an upper transfer medium inlet supply means 130 which is located at 

chamber 90 and a lower chamber 100. In certain cmbodi- ao portion 132 of the lower chamber 100. The inlet 

roenis ihe upper chamber 90 is maintained al a first tem- supply means 130 comprises, m a preferred embodmjcnl, a 

peraturc and the lower chamber 100 is maintained at a copper mbing 134 which arcum fere nti ally extends adjacent 
second temperature. The firs! and second temperatures ,5 the wall 104 of the lower chamber 100. m copper tubing 

define a icmperaiuiegradicm within the enclosed conuolkd 1>» has a phirality of openmgs 136 radially extending 

temperature solidification CDviroDmcDl 14. In an cmbodi. »brougb the tubing 134. Id a prcfcncd embodjmem Ibc 

mcnt wbcrc the spheres being formed are made of a lin/lcad openings 136 arc generally evenly spaced around the copper 

aUoy, it is desired that tbc first temperature io the upper tubing 134. TU openings 136 aflow a first beat Uansfcr 
chamber 90 ranges from about room temperature to about ^ u^Oi^m 138 to be dij^nsed into the lov^r chamber 100. 

-90* C. (in certain embodiments about 0** C.) while the Since tbc lower chamber 100 is in cororounKaUoD with tbc 

second temperature in the lower chamber 100 ranges from ^PP^^ chamber 90, tbc heat transfer medium 138 cools both 

about 110* to about -170" C upper chamber 90 and Ibc lower chamber 100. In 

The sphere generation means 12 is mounted inside ibe cmbodimenis where the heat transfer medium 138 comprises 

upper chamber 90 by a support bar 92. The upper chamber 25 "^'^^S^"' beat transfer medmm keeps the tempera- 

90 is sealingjy engaged to ihe lower chamber 1 00. Tbc upper '"^^^'^ ^J^^^^ ""f^^f environment 1 02 below about 

chamber 90 is in communicalion with the lower chamber "^^ ^ 170 C. ^ ^ ^ , 

300 such (hat the upper chamber 90 and tbc lower chamber 1° »he embodiment shown, the lower chamber 100 also 

100 define Ihe firsi or gaseous enclosed environment 102. bas a second or lower heal transfer medium supply means 

Jbc upper chamber 90 has at least one portion 94 which is 30 ^hich is positioned adjacent, but m a space*! nparl 

transparcm. In a preferred embodiment, Ibe upper chamber relationship, to the funnel 124. Tbc funnel 124 is filled with 

90 comprises an acrylic material having, for example, tbc ^ predetermined quantity of a second beat transfer medium 

dimension of approximately 12x12x24 inches. A visual 544. It should be understood that the first and second heat 

observation system 98 is located adjacent to Ihc iransparent f"*^*^ ^ malcnal, or can be different 

portioo94of Ibe upper chamber 90. The visual observation 35 niaierials, for example a liquefied gas such as nitrogen 

sysicm 98 monitors the formation of the spheres 72 and ^nd/or a hquid halo-carbon. The supply of the second heat 

mea.sures the size of the spheres as ibc spheres pass the transfer medium 144 defines second or liquid envuonment 

visual observation system 98. ^22. The controlled temperature sobdification em'ironment 

■nie lower chamber 100 bas at least one wall 104 and a 14, which, in the eml^iincnt shown, compr^^^^^ 

bottom portion 106. In certain embodiments, the lower 40 cnvuomnem 102 and the hqurd envuoninent 122, allow^^^ 

chamber 100 is preferably made of a CPVC lube materia! ^P*>"« ^^'^J^y^lL ^^T^ conlactmg the bottom 128 ot 

and has preferably a 14 inch interior diameter. Tbc lower «be funnel n^. Th^^* of fusion is removed ^ ihc gaseous 

u u 1AA • I I I n , iin i« .K. envuonment 102. Tbc a)ccific heat IS removed in the bquKl 

cbambci 100 includes a deflection means 110. In ihe 1 

embodiment shown the deDeclion means 130 includes two ^ovuonment 122. Tbc liqmd emoronrnent 122 in the funnel 

deflection plates 312 and 114. The plates 132 and 314 each 45 124 cushions the spheres 72 before the spheres 72 contact 

have a rcpelbng or charging surface 112' and 114\ respec- '""'^^^ *24. 

lively. The distance between the adjacent plates 132 and 114 tbc embodiment shown, a first thermocouple 150 

defines an opening 138 through which the charged spheres monitors the temperatures of the upper chamber 90 and a 

72 pass- The atuaciing or rcpcDing surfaces 312' and 1J4» are second thermocouple 154 m<Miilors the temperatures of the 

preferably made of a highly conductive material such as 50 lowercbambcr 100 so that tbc gaseous cDvironment 102 and 

copper, aluminum, steel or the like and have a length, in ^^c hquid environment 122 remain at preferred sphere 

certain embodiments, from about 150 to about 400 miUi- solidification tcmpcranires. It is to be understood, however, 

meters- The opening 118 between the surfaces 112' and 114* additional thermocouples can be used to monitor .he 

is generally aboul 10 to about 40 millimciers. It is to be temperature gradient m the enclosed conirollcd temperature 

understood thai io other embodiracnis, these lengths and 55 solidification environmcnl 14. 

disiances are dependent, at least in pan, on ihe type of low Before operation of the sphere generation means 12. ihc 
viscosity liquiJ material, the size of rhe spheres being enclosed conUolled temperature solidification cnvironmcDi 
generated, and other operating parameters As the spheres 72 H and the crucible 20 are purged with a dry and inert gas. 
descend, tbc sphercspassibrough the deOection means 310. An oxygen content monitor 160 is positioned within ihe 
A high voltage is applied across the deScction means 110 60 chamber 100 to monitor the oxygen conieni throughout the 
from a vollnge source 116. The high voltage generates an operation of the uniform size sphere forming apparatus 10. 
electric field between the plates 312 and 134. Since the A relief valve means 162 extends from the enclosed con- 
spheres 72 are charged, the electric field either attracts or trolled temper a Hire solidification environment 14 to provide 
deflccis Ihc spheres 72. The deftcciion di.Mancc of the a desired pressure and amount of beat transfer coedium io ihc 
.^phcies is a function of ihe charge. .m7c and .speed of the 65 conlroiled temperature solidification cnviionment 34. 
sphcics- The bigger spheres 72 descend in a paih close to a In operation, the orifice 44 in tbc nozzle 42 is aligned -wjih 
center a :< is through ihe deflection means 330 while smaller ibe opening 84 in the charging system 80. The charging 



